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Catalytic effect of KOH on textural changes of carbon
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Abstract

The synthesis and definition of the topological organization of polygonal macro-networks of carbon in the form of films have been performed
by controlled pyrolysis of saccharose. The pentagon was found to be the most abundant polygon in the film networks, which presented ring
areas in the range of 4–12 mm2. In addition to the bi-dimensional films, irregular sponge balls were also obtained featuring a similar random
network structure to that obtained in the films. The sponges developed into a continuous net of tri-dimensional random network in the form
of tubes with coiled shapes. The formation of carbon macro-coils was attributed to the presence of potassium particles inside the original
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arbonaceous matrix. A study of textural changes of the macro-networks of carbon by activation under flow of N2 and CO2 has shown that
s possible to obtain activated carbons from the macro-networks with BET surface areas as high as 850 and 981 m2 g−1 under flow of N2 and
O2, respectively. From the study of textural changes of the macro-networks of carbon, a detailed mechanism that involves the ro
s a catalyst for the activation of the macro-networks has been proposed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Cellular structures characterized by cells having areas and
umber of sides randomly distributed are commonly named
etworks[1,2]. Well defined, molecular networks such as

ullerenes and nanotubes have been some of the most re-
arkable discoveries in the area of carbon research in recent

ears[3,4]. Another ill defined type of carbon network, is that
orresponding to the microporous structure of activated car-
ons. Three types of carbonaceous network structures can
e considered according to the size of cells: the molecu-

ar (fullerenes, nanotubes), the micro- (microporous carbon),
nd the macroporous carbon. Although in the case of car-
on materials, synthetic routes for both molecular-networks
nd micro-networks have been extensively investigated[3,5],

ew studies exist regarding the synthesis and characteriza-
ion of macro-networks[6]. This communication presents
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the synthesis and definition of the topological organiza
of two carbonaceous macro-network two-dimensional fi
obtained by a step-wise heat treatment of saccharose in
ence or absence of potassium hydroxide and second, a
perimental study of the textural changes of the carbonac
network materials activated up to 800◦C with N2 or CO2.

2. Experimental

2.1. Network synthesis

Solutions composed of either 1 mL of water or 1 mL
aqueous solution (34 wt.%) of potassium hydroxide (Me
analytical grade) plus 2 g ofd(+)-saccharose (Merck, ba
teriology grade) were placed inside 50 mL Pyrex bea
and stirred at 80◦C until a viscous and light brown solutio
was observed. Immediately, the solutions are left in res
til recrystallization of the saccharide, as a homogeneou
transparent plate in the bottom of the beaker. Then, the p
were submitted to two consecutive heat treatments. Fi
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.039
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low temperature stabilization treatment inside an oven (static
air) at 60, 90, 110, and 130◦C, for 10 min at each tempera-
ture using heating rates between steps of about 3◦C min−1.
The second heat treatment consists of carbonization under an
inert flow of nitrogen (∼=100 mL min−1) using as step tem-
peratures: 50, 100, 150, 200, 250, 350◦C, leaving 30 min at
each temperature, and finally 1 h at 450◦C, using heating
rates between steps of about 5◦C min−1. The carbonaceous
macro-network “blank” samples prepared as described above
were denoted as ANW-1 and ANW-2, respectively, for the sac-
charose dissolved in water or in KOH solution.

2.2. Statistical characterization of macro-network films

A statistical analysis of the macro-network films obtained
was carried out as described in previous studies for other cell
structural systems[1,2]. Several photographs of the films ad-
hered to the beakers in two separated sets of ANW-1 and ANW-2
samples (each one by triplicate) were taken in order to carry
out the statistical analysis of the film macro-networks, par-
ticularly the polygonal distribution of cells withn sidesρ(n).
A total of 750 and 558 cells were employed, respectively, for
the analysis of ANW-1 and ANW-2 samples, and the error in
measuring cell areas was less than 5%. In addition, for the
macro-network films, the average polygonal areas〈An〉, were
e
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Fig. 1. Images of the carbonaceous macro-network film: (a) typical ran-
dom pattern showing the predominance of five-sided cells; (b) a subsection
showing the presence of “T” type vertices with internal angleθ = 180◦.

covering approximately one-third and one-half of the beaker
height, respectively, for the ANW-1 and ANW-2 samples. For
the case of bi-dimensional network, it consists of a random
net of cells in the form of polygonal rings where each one is
formed by grains of carbonaceous material. Polygons from
three up to eight or nine sides were identified, respectively,
for ANW-1 or ANW-2, as can be seen inFig. 1specifically for
ANW-2 network.

Fig. 2shows the abundance ofn-sided polygons((n) ob-
tained after the statistical analysis for ANW-1 and ANW-2
macro-network films. It can be noted fromFig. 2 that both

Fig. 2. Polygonal distributions in the macro-network ANW-1 (Sac-H2O) and
ANW-2 (Sac-KOH) films.
stimated from data ofn-sided polygon distributions.

.3. Activation processing of the network

Besides the macro-network films, two types of carbo
eous three-dimensional networks were also obtained
ere employed for the study of textural changes by mea
activation processing. The activations were performed

ubular furnace, under either inert N2 flow (∼=100 mL min−1)
t several final residence times: 5, 60, 120 and 300 m
onstant final temperature of activation equal to 800◦C; or
nder CO2 flow (∼=100 mL min−1) as a function of the fi
al activation temperature: 700, 750 and 800◦C at constan
esidence time of 5 min.

.4. Textural characterization of the networks

Textural characterization of the macro-network blanks
he activated network materials was performed by mea

2 adsorption at 77 K in order to obtain the BET surf
reas.

. Results and discussion

.1. Statistical analysis of macro-network films

In the two blanks (ANW-1 and ANW-2) both two- and three
imensional macro-networks were obtained simultaneo
fter carbonization. The macro-network films obtained w
dhered both to the bottom and the cylindrical beaker w
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Table 1
Average polygonal areas〈An〉 of the ANW-1 and ANW-2 macro-network films
as function of the number of cell-sided

n-Sided cells 〈An〉, ANW-1 (mm2) 〈An〉, ANW-2 (mm2)

3 3.708 3.896
4 4.948 5.194
5 6.186 6.493
6 7.416 7.792
7 8.656 9.090
8 9.882 10.39
9 –a 11.69

a Polygonal cells of 9-sides were not detected in ANW-1 sample.

distributions are similar, showing that the pentagon is the
most abundant polygon in the two macro-networks. Hence,
from the experimental evidences shown inFig. 2, the Euler
topological relation[1,2] is modified according to:

〈n〉ANW-1
=

∑
n=3

[n × ρ(n)] = 5.155 (1)

〈n〉ANW-2
=

∑
n=3

[n × ρ(n)] = 5.161 (2)

respectively for ANW-1 and ANW-2 macro-network films.
Although this result has been obtained previously in mi-

croscopic polymer polygrain system[1,2], the present results
are striking because in the existing literature regarding other
macroscopic cell structural systems, the hexagon appears as
the most abundant polygon. In addition, as can be seen in
Table 1most cell areas of the present networks fall inside the
range 4–10 and 4–12 mm2, respectively for the ANW-1 and
ANW-2 carbonaceous films.

3.2. Morphological characteristics and chemical
composition of the carbonaceous macro-network
materials

As indicated above, in addition to the bi-dimensional
films, irregular sponge-like balls were also obtained in the
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Fig. 3. Image of bulk carbonaceous macro-network from the ANW-2 sample:
(a) three-dimensional random structure of a subsection of the sponge; (b)
subsection showing macro-coil shapes (mcs).

phases, mainly of carbon, it is expected to evidence some
topological changes due to possible discontinuities between
crystalline–crystalline and crystalline–amorphous phases
[2]. In particular, as the present networks are saccharose-
based carbons, textural changes are expected during thermal
activation experiments at temperatures higher than those em-
ployed for the carbonization[5,8].

3.3. Textural changes of the networks caused by
activation

3.3.1. General discussion
To confirm this suggestion, activation studies with N2 and

CO2 over the two types of three-dimensional bulk networks
were carried out.Table 2shows a summary of samples pre-
pared and the experimental conditions employed. The BET
surface areas of the ANW-1 and ANW-2 samples listed in
Table 3(10 and 15 m2 g−1) suggest a non-porous texture in
the present macro-networks of carbon. Also fromTable 3,
it can be seen that the burn-off was relatively high (about
85%) for ANW-1 with respect to those normally found after
chemical activation (40–60%). However, the burn-off of the
ANW-2 sample is only slightly higher than this range (about
66%). As can be seen also fromTable 3, if the results of
the AN2-2 and ACO2-2 samples are compared with those of
ottom of the beakers for the two samples. Images of
arbonaceous macro-network from the ANW-2 sample ar
hown inFig. 3. It is interesting to remark that this thre
imensional feature[6,7] displays a similar random netwo
tructure than that obtained in the corresponding film (Fig. 1).
hus, the three-dimensional network shows a random s

ure characterized by a net of carbonaceous grains, w
opology has a form of polygonal cells with different size

Also, a surprising morphological result was achieved[6].
ome of the carbonaceous cells that conform the m
etwork present macro-coiled shapes (Fig. 3b). In the presen
ase we attribute the formation of carbon macro-coils in
hree-dimensional ANW-2 sample to the presence of pot
ium microparticles inside the carbonaceous matrix.
uggestion was indirectly confirmed by the fact that in c
f the ANW-1 sponge (without the presence of potassium
acro-coiled carbon filaments were not detected[7].
Since the present carbonaceous materials are a co

iphasic arrangement of crystalline lamellar and amorp
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Table 2
Summary of experimental conditions employed for the study of textural changes of the carbonaceous macro-networks by activation with N2 and CO2

Networks Activation temperature (◦C) Activation residence time (min) Other experimental conditions

AN2-2 800 60 N2-activated from ANW-1, without H2O pre-washing
ACO2-2 800 60 CO2-activated from ANW-1, without H2O pre-washing

AN2-3 800 60 N2-activated from ANW-2, with H2O pre-washing
ACO2-3 800 60 CO2-activated from ANW-2, with H2O pre-washing

AN2-4A 800 60 N2-activated from ANW-2, without H2O pre-washing
AN2-4B 800 120 N2-activated from ANW-2, without H2O pre-washing
AN2-4C 800 300 N2-activated from ANW-2, without H2O pre-washing
AN2-4D 800 5 N2-activated from ANW-2, without H2O pre-washing

ACO2-4A 800 60 CO2-activated from ANW-2, without H2O pre-washing
ACO2-4B 800 5 CO2-activated from ANW-2, without H2O pre-washing
ACO2-4C 750 5 CO2-activated from ANW-2, without H2O pre-washing
ACO2-4D 700 5 CO2-activated from ANW-2, without H2O pre-washing

the AN2-3 and ACO2-3 samples, two interesting results arise.
First, the total burn-off obtained on the AN2-2 and ACO2-2
samples are slightly higher (92 and 91%, respectively) than
that obtained for the blank ANW-1 (85%). In addition, the
total burn-off obtained for the AN2-3 and ACO2-3 samples
are slightly higher (70 and 72%, respectively) than that ob-
tained for ANW-2 (66%), yet they are only slightly higher
than the range that normally is found in chemical activation
processing. Second, it can be seen that for the case of the
high oxidation process of activation with CO2 (ACO2-2 sam-
ple) the BET surface area obtained from ANW-1 was mod-
erate (270 m2 g−1) in comparison to the negligible surface
area obtained for the case of activation with N2 (8 m2 g−1).
However, the BET surface areas obtained for the case of the
AN2-3 and ACO2-3samples show a different trend, the activa-
tion of ANW-2 under flow of N2 (AN2-3) promotes a higher
BET surface area than that obtained for the AN2-2 sample
obtained from ANW-1 (79 against 8 m2 g−1), while for the ac-
tivation under flow of CO2, the ACO2-3sample developed into
a lower BET surface area than that obtained for the ACO2-2
sample (137 against 270 m2 g−1). These changes in surface
areas seem to indicate that although the ANW-2 sample was
previously washed with H2O (Table 2) there is still potassium

Table 3
Total burn-off of saccharose and BET surface areas of the carbonaceous
t

N

A
A
A
A
A
A
A
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remnant, probably in very low concentration but enough to
inhibit an excessive pyrolysis and simultaneously to promote
a higher BET surface area when the activation is undertaken
over flow of nitrogen than that obtained from the physical
activation of ANW-1 macro-network also under flow of N2
(79
 8 m2 g−1). Thus, the present results indicate that the
KOH is an effective catalyst for the activation of the car-
bonized ANW-2 macro-network, both in presence of N2 and
specially CO2.

The catalytic effect of the potassium is discussed as fol-
lows. It is well-known[9] that KOH at the surface of the car-
bonised lignocellulosic material is decomposed according to
the reaction:

2KOH → K2O + H2O (3)

producing gaseous water that due to its small weight and
molecular diameter can diffuse easily into the carbon porous
structure, contributing to gasification. The basic reaction of
carbon with water vapour is endothermic and of the following
stoichiometry[10,11]:

H2O + C → CO + H2, �H = + 117 kJ mol−1 (4)

In addition, products of Eq.(4) (CO + H2), can be con-
sumed by the abundant oxygen available from the carbona-
ceous matrix of the network[7]:

C
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C

hree-dimensional networks obtained

etworks Saccharose burn-offa (%) BET surface area (m2 g−1)

NW-1 85 10

NW-2 66 15

N2-2 92 8

CO2-2 91 270

N2-3 70 79

CO2-3 72 137

N2-4A 72 558

CO2-4A 100 –b

a Except the corresponding values of AN2-3 and ACO2-3 that were previ
usly washed with H2O, all the rest of saccharose burn-off (%) values w
stimated after subtracting the theoretical remnant weight of potassi

2O (≈0.4501 g).
b The BET surface area of the ACO2-4A sample was not included since

as totally pyrolyzed.
O + H2 + 2O → CO2 + H2O (5)

hus further increasing the concentrations of activa
CO2 + H2O).

Accordingly, the protection from excessive gasifica
ound for the catalysis with potassium hydroxide could
he result of the formation of a layer of oxides (simila
o the layer of polyphosphate reported by Laine and Ca
9]) over the developing porous structure, avoiding fur
nteraction with gaseous CO2 that would lead to excessi
urn-off.

Similarly to the above gasification reaction (Eq.(4)), the
eaction of carbon with carbon dioxide can be expresse

O2 + C → 2CO, �H = + 159 kJ mol−1 (6)
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On the other hand, as under practical conditions (above
800◦C) the water gas shift reaction is at equilibrium[11]:

CO + H2O � CO2 + H2 (7)

Both reactions (4) and (6) are important despite the fact
that in most cases superheated steam is the primary activation
agent. However, this is not the present case, and therefore we
suggest that the reactions (3–5) are the predominant steps
occurring during the activation of the macro-networks with
N2, while the reactions (3–7) and particularly reactions (6)
and (7) are all involved during the activation of the macro-
networks with CO2. The results listed in the last block of
Table 3 are in line with the mechanism described above,
which is based in the presence of potassium as KOH in or-
der to initiate, by means of reaction (3), the catalytic activa-
tion effect over the carbonaceous network matrix. This effect
is more remarkable for the sample activated under flow of
CO2 (ACO2-4A) where the macro-network sample (ANW-2)
was totally pyrolyzed probably due to the increased pres-
ence of the activators (CO2 + H2O) produced according to the
reaction (7).

3.3.2. Influence of the residence activation time
The results obtained are presented inFig. 4 in terms of

the BET surface areas and the total burn-off of saccharose
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Fig. 5. Surface BET areas and burn-off behaviour of networks activated with
CO2 (by 5 min) as a function of the temperature (ACO2-4i).

residence time. It increases the surface area from 565 m2 g−1

at 5 min (AN2-4D) through a value of 558 m2 g−1 at 60 min
(AN2-4A) up to a maximum value of 850 m2 g−1 at 120 min
(AN2-4B); then it drastically falls down to 540 m2 g−1 at
300 min (AN2-4C). This result seems to indicate that with
activation times higher than 2 h, the process of activation
turns less efficient, probably due to the well-known effect
of destruction of the fine microporous structure consti-
tuting the high surface area of L-type activated carbons
[10].

3.3.3. Influence of the activation temperature
These results are presented inFig. 5 in terms of the BET

surface areas and the total burn-off of saccharose. It can be
seen fromFig. 5 that the burn-off shows a tendency to in-
crease remarkably as a function of the activating tempera-
ture. The saccharose burn-off goes from a moderate value
of 72% at 700◦C (ACO2-4D) through a high value of 94%
at 750◦C (ACO2-4C) up to the maximum value of 100%
at 800◦C (ACO2-4D). This trend is in line with the mech-
anism suggested above by means of reactions (3–7). The
most important steps of the mechanism correspond to the
reactions represented by Eqs.(6) and (7), particularly the
last one, which begins to be important when the temper-
ature of activation approaches 800◦C. As can be seen in
F
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g ffect
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hat were estimated after subtracting the theoretical rem
eight of potassium as K2O (≈0.4501 g). The burn-o
hows a tendency to increase monotonically as a fun
f the residence activation time. The burn-off of the AN2-4i
amples shown inFig. 4goes from 68% at 5 min to close
0% at 300 min in agreement with the mechanism sugg
efore, principally by means of reactions (3–5). It is log

o think that the quantities of the activators (CO2 + H2O)
roduced from the reaction (5), are strongly increase

onger activation times leading to a higher activation
he carbonaceous matrix of the macro-network with t
oncomitant higher tendency to pyrolyze the saccharos
erms of the BET surface areas developed for AN2-4i sam-
les, it can be seen also fromFig. 4 that the macro-networ
ANW-2) suffers clear textural changes as a function of

ig. 4. Surface BET areas and burn-off behaviour of networks activated

2 (at 800◦C) as a function of residence time (AN2-4i).
ig. 5, the BET surface area values goes from 981 m2 g−1 at
00◦C (ACO2-4D) through 717 m2 g−1 at 750◦C (ACO2-4C) to

all down to cero when approaches 800◦C (ACO2-4B) where
he macro-network is totally pyrolyzed. This drastic tex
al change can be attributed to the fact that the micropo
exture, obtained at the initial stages of the activation
ess, is destroyed in presence of strong oxidation condi
n the present case, these conditions are favoured by
o the presence of potassium as KOH that produces H2O by
eans of reaction (3), and also by high temperatures a
icates the reaction (7) because it promotes the produ
f CO2. Therefore, from the results ofFig. 5 it can be sug
ested that in this case, it is occurring an accumulative e
f the highly oxidant agents: H2O + CO2, as indicate the rea

ions (3), (5), and mainly reaction (7). Both oxidant agen
ctivators (H2O, and particularly CO2) pyrolyze the carbona
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ceous matrix of the network by means of the two reactions
of gasification (4) and (6).

4. Conclusions

Polygonal macro-networks in the form of films adhered to
the bottom and walls of Pyrex flasks have been obtained by
controlled pyrolysis of saccharose. The pentagon was found
to be the most abundant polygon in the films, which presented
ring areas in the range of 4–10 and 4–12 mm2, respectively
for the networks originated from saccharose pre-dissolved in
water or in aqueous solution of 34 wt.% KOH.

In addition to the bi-dimensional films, irregular three-
dimensional sponge balls featuring similar random network
structures to that obtained in the films were obtained for the
two samples prepared. These sponges are composed by an
assembly of carbonaceous grains of different sizes with an
interface where the carbon grains developed into a contin-
uous net of three-dimensional random network in the form
of macro-tubes with coiled shapes. The formation of carbon
macro-coils was attributed to the presence of potassium mi-
croparticles inside the original carbonaceous matrix.

It is important to remark that with the activation process
presented in the present work, activated carbons can be ob-
t 2 −1

for the two different cases of activation with N2 and CO2, re-
spectively. These values correspond to surface areas 85 and 98
times higher than that obtained on the non-activated macro-
network of carbon. From this study a detailed mechanism that
involves the role of the KOH as a catalyst for the activation
of the macro-networks of carbon is proposed.

In the present, in order to better characterize such car-
bonaceous materials, we are performing a chemical surface
analysis of these activated and non-activated macro-networks
by means of X-ray photoelectronic spectroscopy.
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